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CNK, a RAF-Binding Multidomain Protein
Required for RAS Signaling
For example, it is not known how MEK is brought from
the cytoplasm to the site of activated RAF. Some evi-
dence indicates that RAF and MEK are part of a complex
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Howard Hughes Medical Institute and
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whose existence depends on RAS activation (Huang etUniversity of California, Berkeley
al., 1993; Van Aelst et al., 1993; Jelinek et al., 1994). ItBerkeley, California 94720-3200
is not clear, however, if RAF and MEK directly interact
or if additional molecules are required.
The identification of a novel kinase that functionsSummary
downstream of RAS, kinase suppressor of RAS (KSR),
may help to shed light on some aspects of signal trans-Kinase suppressor of ras (ksr) is required for efficient
mission within the MAPK module. KSR was found insignal transmission within the RAS/MAPK cascade.
genetic screens as a suppressor of phenotypes causedA screen for mutations that modify a ksr-dependent
by activated RAS in both Drosophila and C. elegansphenotype identified a novel gene, connector enhancer
(Kornfeld et al., 1995; Sundaram and Han, 1995; Therrienof ksr (cnk), that functions upstream or in parallel to
et al., 1995). Epistasis analysis in Drosophila suggestedRAF in the RAS pathway. cnk encodes a protein con-
that KSR functions downstream of Drosophila RAS1 buttaining several protein±protein interaction domains,
upstream or in parallel to RAF (Therrien et al., 1995).suggesting that it brings different signaling molecules
Characterization of a mouse KSR homolog (mKSR1)together. CNK is required in multiple receptor tyrosine
suggested that KSR facilitates signal transmission be-kinase pathways where it appears to be a tyrosine
tween RAF, MEK, and MAPK (Therrien et al., 1996). Inphosphorylation target. Finally, CNK physically inter-
addition, it was found that upon RAS activation, KSRacts with RAF and appears to localize to cell±cell con-
translocates to the plasma membrane, where it formstact regions. Together, these findings suggest that
a stable complex with RAF. Interestingly, two recentCNK is a novel component of a RAS-dependent signal-
reports showed that KSR forms, via its kinase domain, aing pathway that regulates RAF function and/or tar-
stable complex with MEK in the cytoplasm of quiescentgets RAF to a specific subcellular compartment upon
cells (Denouel-Galy et al., 1997; Yu et al., 1997). There-RAS activation.
fore, in response to activated RAS, KSR might shuttle
MEK from the cytoplasm to activated RAF at the mem-
Introduction brane.
Although a model in which KSR acts as a shuttle is
The RAS/mitogen±activated protein kinase (MAPK) path- appealing, KSR appears to play additional roles in this
way is an essential route through which membrane- pathway. First, similar to the full-length protein, the non-
bound receptor tyrosine kinases (RTKs) convey either catalytic N-terminal domain of KSR was shown to facili-
proliferative or differentiative signals to the nucleus. The tate RAS signal transmission (Therrien et al., 1996; Mi-
pathway comprises three kinases (RAF, MAPK kinase chaud et al., 1997). Second, KSR is a putative protein
[MEK], and MAPK) that function as a module downstream kinase, but the identity of its substrate(s) remains con-
of RAS and transmit signals via a phosphorylation cas- troversial. Although Zhang et al. (1997) reported that
cade (reviewed in Seger and Krebs, 1995). Although the KSR is a ceramide-activated protein kinase (CAPK) that
concept of signal transmission through constituents of phosphorylates and activates RAF in a ceramide-depen-
the MAPK module is simple, it depends on a complex dent manner, other laboratories have been unable to
set of molecular events that are not fully understood. reproduce these findings (Denouel-Galy et al., 1997; Mi-
The mechanism of RAF activation illustrates this com- chaud et al., 1997; Yu et al., 1997).
plexity (reviewed in Morrison and Cutler, 1997). RAF To further elucidate the mechanisms of signal trans-
activation appears to be a multistep process initiated mission within the RAS/MAPK module, we sought to
by recruitment of RAF to the plasma membrane by acti- identify, by genetic means, novel molecules required for
vated RAS. Subsequent events, however, are much less this process. RAS controls photoreceptor cell differenti-
clear. Protein phosphorylation, oligomerization, and in- ation during Drosophila eye development (Simon et al.,
teraction with other proteins or with putative lipid cofac- 1991). Since the eye is a nonessential organ in Drosoph-
tors have all been proposed to play a role in alleviating ila, identification of enhancers and suppressors of phe-
the inhibitory effect that the RAF N-terminal regulatory notypes produced by altering the RAS/MAPK pathway
domain exerts on its C-terminal catalytic domain. Fol- specifically in the developing eye has been highly suc-
lowing its activation, RAF phosphorylates and thus acti- cessful in uncovering novel genes relevant to this path-
vates MEK, which in turn phosphorylates and activates way (reviewed in Wassarman et al., 1995). Unlike RAF,
MAPK. MEK, and MAPK, which represent the backbone of the
Although the sequence of events downstream of RAF pathway, KSR seems more likely to have a regulatory
is known, the mechanisms that regulate signal transmis- function within the RAS/MAPK module. Therefore, we
sion between the three kinases are poorly understood. reasoned that a genetic screen based on a KSR-depen-
dent phenotype might identify genes missed in previous
screens. The KSR kinase domain functions as a potent* To whom correspondence should be addressed (e-mail: gerry@
fruitfly.berkeley.edu). dominant-negative molecule when separated from the
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Figure 1. EK2-3 Enhances the sE-KDN Rough Eye Phenotype and Suppresses the sev-Ras1V12 Rough Eye Phenotype
Scanning electron micrographs of adult eyes of the following genotypes: (A) wild type; (B) P[sE-KDN]/1; (C) P[sE-KDN]/EK2-3XE-1040; (D) P[sev-
Ras1V12 ]/1; (E) P[sev-Ras1V12 ]/EK2-3XE-1040; (F) P[sE-sev S11]/1; (G) P[sE-sev S11]/EK2-3XE-1040; (H) P[sE-raf Tor4021]/1; (I) P[sE-raf Tor4021]/EK2-3XE-1040.
Anterior is to the right.
noncatalytic N-terminal domain (Therrien et al., 1996). allele (Therrien et al., 1996). Overexpression of this fu-
sion protein under the control of the sevenless enhancerOverexpression of such a KSR dominant-negative (KDN)
protein in the Drosophila eye blocks RAS-dependent (sE-Ksr dominant negative; referred to here as sE-KDN )
prevents photoreceptor differentiation, presumably byphotoreceptor cell differentiation in a dosage-depen-
dent manner, thereby leading to a visible roughening of interfering with RAS1-dependent signaling (Therrien et
al., 1996), and results in roughening of the external eyethe eye surface (Therrien et al., 1996). Using the KDN-
dependent rough eye phenotype as the basis for a ge- surface (compare Figures 1A and 1B).
We used the sE-KDN rough eye phenotype in a geneticnetic screen, we identified several novel loci that act as
dominant modifiers of this phenotype. screen to identify loci required for ksr function that may
encode novel components of the RAS pathway. BasedHere, we report the characterization of one of these
novel loci, enhancer of KDN (EK2-3). The EK2-3 gene on our experience with a conceptually similar dominant
modifier screen that used an activated version of Ras1encodes a novel protein containing several protein±
protein interaction domains, suggesting that it mediates (Karim et al., 1996), we expected that a 2-fold reduction
in the dose of a gene whose product is required for RASinteractions between different molecules. Based on its
presumed function and the ability of mutant alleles to signaling would modify the roughness of the eye. Since
KDN appears to block RAS-mediated signaling (Therrienenhance the phenotype of KDN, we renamed this locus
connector enhancer of ksr (cnk). Based on genetic data, et al., 1996), we expected that a loss-of-function muta-
tion in a positively acting gene would decrease RASCNK appears to function in the RAS pathway upstream
or in parallel to RAF in transducing signals elicited by signaling even further and, therefore, would be scored
as an enhancer of KDN. Conversely, a mutation in areceptor tyrosine kinases. We found that overexpressed
CNK localizes to regions of cell±cell contact and inter- gene encoding a negatively acting component would
be scored as a suppressor of KDN. A total of 110,000acts physically with Drosophila RAF. We have also iden-
tified structural homologs in C. elegans and humans that X-ray-mutagenized and 75,000 ethylmethanesulfonate
(EMS)-mutagenized progeny were screened for domi-share a novel domain with CNK. Together, these findings
suggest that CNK is a novel component of the RAS/ nant modification of the rough eye phenotype (M. T. et
al., unpublished data). A total of 19 lethal enhancer ofMAPK pathway that may function to regulate the activity
and/or the subcellular localization of RAF following its KDN (EK) complementation groups and 6 suppressor of
activation by RAS. KDN (SK) groups were established. The ability of the
screen to identify loci relevant for RAS signaling was
Results confirmed by the identification of enhancer groups cor-
responding to ksr, mek, and mapk (data not shown).
Interestingly, we also found that one of our suppressorIdentification of New Loci Required
for RAS1-Mediated Signaling groups, SK2-4, is allelic to a lethal P element, l(2)k10108,
inserted in the src42A locus (Takahashi et al., 1996; dataA dominant-negative form of Drosophila ksr was gener-
ated by fusing the kinase domain of ksr to the extracellu- not shown). Because the three alleles of this group not
only suppressed KDN phenotype, but also efficientlylar and transmembrane domains of an activated Torso
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enhanced activated RAS1 phenotype (data not shown), obtained by sequencing five independent mutant alleles,
which were all found to have defects affecting the puta-this SRC tyrosine kinase homolog has, unexpectedly,
a negative function in the RAS pathway. A similar tive EK2-3 ORF (Figure 2B).
Searches of protein and translated nucleotide data-conclusion has been independently reached by Dr. X.
Lu's laboratory (personal communication), who recently bases revealed a multidomain organization for the EK2-3
protein (Figure 2B). These domains include a sterileidentified Su(D-raf)1 (Lu et al., 1994) as being allelic to
src42A. alpha motif (SAM) domain (Schultz et al., 1997), a PSD-
95/DLG-1/ZO-1 (PDZ) domain (Ponting et al., 1997), andSeveral other enhancer and suppressor loci were not
allelic to previously described genes functioning in the a pleckstrin homology (PH) domain (Musacchio et al.,
1993). In addition, protein sequence analysis identifiedRAS pathway. In this paper, we present the characteriza-
tion of one of these loci, EK2-3, which corresponds to two proline-rich stretches containing SH3 domain con-
sensus binding sites (Alexandropoulos et al., 1995) anda recessive lethal complementation group of 35 alleles
(12 X-ray and 23 EMS alleles). The enhancement of sE- several potential tyrosine phosphorylation sites corre-
sponding to different SH2 domain consensus binding sitesKDN by the allele EK2-3XE-1040 is shown in Figure 1. Apical
sections of adult fly retinae were used to quantitate (Songyang et al., 1993, 1994) (Figure 2B). This structural
organization is reminiscent of several recently describedthe enhancement by counting the number of ommatidia
missing three photoreceptors. In sE-KDN/1 flies, 6% multiadaptor proteins (reviewed in Pawson and Scott,
1997) and suggests that the function of EK2-3 is to(n 5 375) of the ommatidia were missing three photore-
ceptors, while the percentage increased to 70% (n 5 bring together different molecules. Based on this puta-
tive role and on the ability of loss-of-function mutations461) in sE-KDN/EK2-3XE-1040 flies.
To determine whether EK2-3 also has a role during in EK2-3 to enhance KDN, we renamed this gene con-
nector enhancer of ksr (cnk).RAS signaling, we tested the ability of EK2-3XE-1040 to
modify the rough eye phenotype caused by overexpres-
sion of Ras1V12 (Fortini et al., 1992), sevS11 (activated
CNK and Two Homologs Found in Other SpeciesSevenless RTK; Basler et al., 1991), and Raf Tor4021 (acti-
Define a Novel Class of Evolutionarilyvated RAF; Dickson et al., 1992). As shown in Figure
Conserved Multidomain Proteins1, EK2-3XE-1040 dominantly suppressed both Ras1V12 and
We searched the expressed sequence tags (EST) data-sev S11 rough eye phenotypes but was unable to modify
base (dbEST; http://www.ncbi.nlm.nih.gov/BLAST/) andthe Raf Tor4021 rough eye phenotype. Analysis of apical
identified several sequences encoding SAM, PDZ, orsections of adult fly retinae supported this conclusion,
PH domains similar to those in CNK. We isolated full-and multiple EK2-3 alleles had the same effect (data not
length cDNA clones corresponding to a few of theseshown). The ability of EK2-3 to enhance KDN and to
ESTs and determined their sequence. One of them, cor-suppress both Ras1V12 and sev S11 phenotypes suggests
responding to a human EST (accession #AA134628),that the EK2-3 locus encodes a positive component of
encodes a protein of 751 amino acids that, althoughRAS signaling. In addition, the finding that EK2-3 does
smaller than CNK, has a similar modular arrangement:not modify the Raf Tor4021 phenotype suggests that EK2-3
a SAM domain at the extreme N terminus, followed byis required upstream or in parallel to Raf.
a PDZ domain and then a PH domain (Figures 2B and
2C). In addition, a putative ORF (R01H10.8) predicted
The EK2-3 Locus Encodes a Putative by the Gene Finder program (P. Green, unpublished)
Multiadaptor Molecule from two overlapping genomic C. elegans cosmid clones
The ability of several EK2-3 alleles to enhance sE-KDN was also found to contain the same organization of pro-
phenotype was meiotically mapped to 2-81, which coin- tein modules (Figures 2B and 2C). A closer inspection
cides with inversion breakpoints found at cytological of sequence similarities between these three proteins
position 54B in two of our X-ray alleles (not shown). In identified another conserved region of about 80 amino
addition, a lethal P element that mapped cytologically acids between the SAM and PDZ domains that might
to 54B10-13, l(2)k16314, failed to complement the lethal- represent a novel protein module. We named this puta-
ity of several EK2-3 alleles. Excision of this P element tive domain ªCRICº for conserved region in CNK. A func-
reverted the associated lethality of l(2)k16314, indicating tional role for the CRIC domain is supported by the
that the P element disrupts the EK2-3 locus. Genomic finding of a mutation (cnkXE-726 ) within the sequence en-
DNA flanking the P element insertion site was recovered compassing it (Figure 2B).
and used to screen a Drosophila embryonic cDNA library
(see Experimental Procedures). Multiple cDNAs were
isolated and found to correspond to a single class of cnk Is Required for Different RAS-Dependent
Signaling Pathwaystranscripts. Sequences for both the longest cDNA and
the corresponding genomic region were determined The finding that cnk loss-of-function alleles modified
sensitized genetic backgrounds like those produced byand used to deduce the genomic organization (Figure
2A). Conceptual translation of the longest open reading sE-KDN or sev-Ras1V12 suggests that this gene is nor-
mally required for photoreceptor differentiation. Thisframe (ORF) predicted a novel protein of 1557 amino
acids (Figure 2B), which most likely corresponds to the conclusion is supported by examination of the mild
rough eyes of a hypomorphic allele, cnkE-1222 (Figure 3B).full-length ORF, since an in-frame stop codon was found
upstream of the first methionine (not shown). Confirma- Analysis of apical eye sections of cnkE-1222 homozygotes
revealed the absence of R7 photoreceptors in more thantion that this ORF corresponds to the EK2-3 locus was
Cell
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Figure 2. Molecular Characterization of the cnk Gene
(A) Diagram of the cnk gene. The top line represents the genomic DNA. BamHI (B) and EcoRI (E) restriction sites are indicated. The closed
box corresponds to the region that has been sequenced and encompasses the cnk transcriptional unit. The position of the P element was
mapped to the first intron, and the approximate position of a polymorphism associated with one inversion allele, cnkXE-340, is also shown. The
structure of the cnk transcript is shown. Closed and open boxes shown below correspond to the coding and noncoding sequences, respectively,
and were deduced from sequencing the longest (5.4 kb) cnk cDNA.
(B) Amino acid comparison of CNK structural homologs. The predicted amino acid sequence of CNK is shown. The positions of mutations in
five cnk alleles are indicated. cnkXE-726 has a 9 bp in-frame deletion that changes Ala-162 to Ser and deletes the following three amino acids.
cnkXE-1040 has a 4 bp deletion that creates a frameshift after Ser-692. Interestingly, two EMS alleles have single amino acid changes near each
other in a nonconserved region of the protein. cnkE-1222 has a Glu-1164 to Lys change, while cnkE-1756 has a Gly-1155 to Ser change. Finally,
cnkE-2083 has a point mutation that changes Gln-257 to a stop codon. Inverted triangles labeled I or II correspond to the position of two small
introns in the cnk gene. Putative SH2 domain consensus binding sites are highlighted by a thick line over or under the sequence. The CNK
protein contains three YXNX motifs at position 3, 605, and 1486, which correspond to putative GRB2/DRK SH2 domain binding sites (Songyang
et al., 1994); two YXXM motifs at position 741 and 1486, which are putative PI3K p85 SH2 domain binding sites (Songyang et al., 1993); and
two Y(I/E/Y)X(I/L/M) motifs at position 3 and 1163, which represent putative SHC SH2 domain binding sites (Songyang et al., 1994). Two
proline-rich stretches that correspond to putative SH3 domain binding sites are boxed. Also shown for comparison are the partial amino acid
CNK Is a Component of the Ras Pathway
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(Simon et al., 1991; Diaz-Benjumea and Hafen, 1994).
To test whether cnk is similarly required, we generated
large clones of cnk homozygous mutant tissue in the
eye using a modified FLP/FRT system (Xu and Rubin,
1993; M. Brodsky and G. M. R., unpublished data; see
Experimental Procedures). As shown in Figure 3D, cnk
appears to be required for cell proliferation and/or sur-
vival, since mutation of this gene prevented normal eye
development in a similar manner as is observed when
loss-of-function mutations in Ras1 or ksr are tested (M.
Brodsky et al., unpublished data). Multiple cnk alleles
gave similar results (not shown).
Finally, we also found evidence indicating that cnk is
required for RAS-dependent signaling pathways outside
the eye. For example, we found that like other compo-
nents of this pathway, cnk loss-of-function alleles are
synthetic lethal with a hypomorphic allele of Raf, Raf HM7
(Melnick et al., 1993). We also found that induction of cnk
mutant clones in the wing prevent wing vein formation
(Figure 3F). Wing vein formation is controlled by EGFR
(Schweitzer and Shilo, 1997), indicating a role for cnk in
other RAS-dependent pathways.
CNK Localizes to the Apical Portion of the Eye Disc
and Is an RTK-Dependent Phosphorylation Target
To identify a putative site of action for CNK, we sought
to determine its localization within the cell. We ex-
pressed an epitope-tagged version of CNK in the Dro-
sophila eye using the sevenless enhancer system (sE-
cnk) and stained eye imaginal discs from third instar
larvae using an anti-Flag monoclonal antibody. The pro-
tein was detected in cells where the sevenless promoterFigure 3. CNK Function Is Essential for Eye and Wing Development
is active and was localized mainly to their apical portions(A and B) Apical sections of Drosophila eyes: (A) wild type; (B)
(Figure 4A and data not shown) where adherens junc-cnkE-1222/cnkE-1222, a hypomorphic allele. The R7 cell is missing in
tions are found (Longley and Ready, 1995). In addition,z80% of the ommatidia, and z15% of the ommatidia are missing
one or more outer photoreceptor cells. (C) Scanning electron micro- analysis of several focal planes revealed a significant
graphs of a wild-type eye (shown for comparison) and (D) an eye membrane localization throughout the cells, but no cyto-
from a cnkE-2083/1 Drosophila containing large homozygous cnkE-2083 plasmic or nuclear staining (Figure 4C and data not
mutant clones. The eye is reduced in size and malformed. (E) Photo-
shown). The apical localization of CNK is similar to thatmicrographs of wild-type and (F) cnkl(2)k16314/1 wings in which a homo-
of SEV and the two adaptor molecules DRK and DOSzygous cnkl(2)k16314 mutant clone has been induced. In the clone (area
(Tomlinson et al., 1987; Olivier et al., 1993; Raabe et al.,between the two arrows in [F]), wing vein formation is disrupted.
1996). We also stained a Drosophila Schneider-2 (S2)
cell line that had been stably transfected with a con-
struct expressing Flag-tagged CNK. In these cells, CNK80% of the ommatidia, with roughly 15% of the omma-
tidia also missing an outer photoreceptor. This pheno- was found in the cytoplasm, but, interestingly, it also
accumulated in the membrane at cell±cell contact pointstype is similar to that observed for hypomorphic alleles
of several components of the RAS pathway (reviewed (Figure 4D). Biochemical fractionation of CNK-express-
ing cells revealed that the protein was present in bothin Wassarman et al., 1995). Because R7 and outer photo-
receptor cell differentiation depend on SEV and EGFR, the cytoplasm and the membrane fractions (data not
shown). Although the observations that CNK was api-respectively, (for reviews, see Zipursky and Rubin, 1994
and Schweitzer and Shilo, 1997), this observation sug- cally localized within the developing eye and accumu-
lated at cell±cell contact points in S2 cells were madegests that cnk functions downstream of both receptors.
In Drosophila, components of the RAS pathway are under conditions of CNK overexpression, these findings
suggest that CNK can associate with a cell junctiongenerally required for cell proliferation and/or survival
sequence corresponding to the most conserved portions of the human (hCNK1) and the C. elegans (R01H10.8; accession #1067017) structural
homologs. Residues identical to CNK are highlighted. The SAM, PDZ, and PH domains are boxed, as well as a novel conserved region, CRIC,
lying between the SAM and the PDZ domains. As a reference for comparison, the SAM domain from S. pombe BYR2 (accession #M74293),
the PDZ domain from Drosophila Disc large-1 (DLG-1; accession #M73529), and the N-terminal PH domain from human Pleckstrin (hPLECK;
accession #X07743), are also shown.
(C) Schematic representation of CNK structural homologs. Little sequence similarity is found outside the indicated conserved domains. PRO
denotes the proline-rich stretches.
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Figure 4. Subcellular Localization of the CNK Protein
(A±D) Immunofluorescence photomicrographs of eye discs from
third instar larvae carrying the sE-Flag-cnk transgene (A±C) or
Schneider S2 cells (D) overexpressing Flag-tagged cnk and stained
using an anti-Flag (a-Flag) monoclonal antibody. In the third instar
eye disc, CNK primarily localized to the apical portion of the sev-
expressing cells. The expression pattern, which is similar to SEV
(Tomlinson et al., 1987), is revealed by viewing the apical portion of
the eye disc (A). Anterior is to the right. An apical-basal optical cross
section of the eye disc shown in (A) highlights the apical localization Figure 5. CNK Is Tyrosine Phosphorylated in an RTK-Dependent
of CNK (B). Optical cross sections below the surface of the apical Manner
compartment also show substantial membrane staining as shown (A) S2 cells coexpressing CNK and either SEVS11 or SEVS11K→M were
in (C). CNK expressed in S2 cells accumulates at the regions where lysed in NP-40 buffer, and CNK was immunoprecipitated (IP) using
cells contact each other (D). Weak and diffuse background staining a-Flag. Immunoprecipitates were resolved by 8% SDS-PAGE and
was observed when wild-type eye discs or untransfected S2 cells examined by immunoblotting using either a-Flag (left panel) or an
were stained with a-Flag (not shown). anti-phosphotyrosine antibody (a-PTyr; right panel).
(B) Untreated (2) and EGF-stimulated (1) serum-starved COS cells
expressing CNK were treated and analyzed as in (A).
component. Since CNK and SEV appear to colocalize in
the eye disc and the CNK amino acid sequence contains
the effect of overexpressing wild-type CNK in the devel-several SH2 domain consensus binding sites, we asked
oping eye by using the sE-cnk construct. As shownwhether CNK could be tyrosine phosphorylated in a
in Figure 6A, sE-cnk adult flies have a mild rough eyeSEV-dependent manner. We generated S2 cell lines
phenotype. Apical sections of these eyes revealed miss-coexpressing CNK with either the constitutively active
ing R7 and outer photoreceptor cells, indicating thatSEVS11 or a catalytically inactive derivative, SEVS11K→M. As
when overexpressed in the eye, wild-type CNK has ashown in Figure 5A, SEVS11, but not SEVS11K→M, induced
mild dominant-negative effect (Figure 6B). This effecttyrosine phosphorylation of CNK. We then investigated
might be explained by the titration of one or more CNK-whether other RTKs could also induce tyrosine phos-
interacting proteins that are normally required for en-phorylation of CNK. We expressed CNK in serum-
dogenous RAS signaling. The absence of extra R7 cellsstarved COS-7 cells and stimulated the cells with epider-
indicates that overexpression of CNK is not sufficientmal growth factor (EGF). As shown in Figure 5B, CNK
to activate the RAS pathway.is a target for EGF-dependent tyrosine phosphorylation
Our genetic data suggests that cnk is required forin these cells. Our results do not allow us to distinguish
RAS signaling (Figure 1). It is therefore possible thatwhether these RTKs directly phosphorylate CNK or in-
CNK function is RAS dependent and we did not detectduce another tyrosine kinase that in turn phosphory-
a positive effect on the RAS pathway when wild-typelates CNK.
CNK was overexpressed in the eye because CNK was
lacking a RAS-mediated signal. To test this possibility,
we examined the effect of coexpressing CNK with acti-Overexpressed CNK Cooperates
with Activated RAS vated RAS. As shown in Figure 6, we found that sE-
cnk massively enhanced the activated RAS1 phenotypeThe function of many components of the RAS pathway
depends on an activation step. For example, overex- (compare Figures 6C and 6D). A similar result was ob-
tained when activated SEV was used instead of acti-pression of constitutively activated components of the
RAS pathway, such as RAS, RAF, or MAPK, is sufficient vated RAS1 (data not shown). This result indicates that
CNK cooperates with activated RAS1 and suggests thatto transform cone cell precursors into R7 photoreceptor
cells. In contrast, overexpression of the same molecules CNK function is RAS dependent.
Our genetic data also indicated that cnk functionsin their wild-type form has no apparent effect (Dickson
et al., 1992; Fortini et al., 1992; Brunner et al., 1994). upstream or in parallel to raf (Figure 1). If this conclusion
is correct, then sE-cnk would be expected to have noTo determine if an increase in wild-type CNK level
could transform cone cells into R7 cells, we examined effect on the sE-Raf Tor4021 phenotype, since activated
CNK Is a Component of the Ras Pathway
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Figure 6. Expression of cnk in the Eye En-
hances the sev-Ras1V12 Rough Eye Pheno-
type but Potently Suppresses raf Tor4021 Rough
Eye Phenotype
A scanning electron micrograph (A) and api-
cal section (B) of a sE-cnk/sE-cnk eye are
shown. The eye is slightly rough, with the an-
terior portion being more disorganized. The
section was taken through the anterior por-
tion of the eye and reveals ommatidial disor-
ganization and missing photoreceptors. (C±F)
Scanning electron micrographs of adult eyes
of the following genotypes: (C) sev-Ras1V12/1;
(D) sev-Ras1V12/sE-cnk; (E) sE-raf Tor4021/1; (F)
sE-raf Tor4021/sE-cnk.
RAF would be initiating signaling in the pathway at a CNKC-term to interact with either the N-terminal regulatory
domain of RAF or its C-terminal kinase domain. In agree-position downstream from where CNK acts. However,
if CNK was in fact downstream of RAF, then it should ment with the immunoprecipitation results, we found
that CNKC-term interacts specifically with the kinase do-cooperate strongly with activated RAF, as observed
for activated RAS1. Strikingly, sE-cnk completely sup- main of RAF (Table 1). This result strongly suggests that
CNK and RAF interact directly.pressed the sE-Raf Tor4021 rough eye phenotype (compare
Figures 6E and 6F). This effect appeared specific for
RAF, since the rough eye phenotype induced by sev- Discussion
SEM (activated Drosophila MAPK), which is also thought
to act downstream of CNK, was not influenced by sE- In this study, we have characterized cnk, a novel gene
encoding a putative multiadaptor protein that functionscnk (data not shown). These findings are consistent with
the hypothesis that overexpressed CNK is lacking a in RAS signal transduction. Our genetic data indicate
that cnk functions either upstream or in parallel to raf.RAS-dependent signal it needs to function properly and
that it titrates a component(s) required for RAF function. The findings that overexpression of cnk in the Drosophila
eye suppresses the activated RAF phenotype and that
CNK and RAF physically interact suggest that CNK helpsCNK Physically Interacts with RAF
The strong suppression of sE-Raf Tor4021 by sE-cnk sug- regulate RAF function. Furthermore, the observation
that overexpressed CNK localizes to the cellular junc-gests that CNK may act directly on RAF and prompted
us to ask whether CNK could associate with RAF in cell tions where RTK-dependent signaling complexes are
found suggests that CNK might target RAF to theseextracts. We prepared cell lysates from S2 cell lines
expressing either full-length CNK, a 384 residue N-termi- structures.
CNK's multidomain architecture suggests that it hasnal fragment (CNKN-term), or a 1175 residue C-terminal
fragment (CNKC-term), each of which was tagged with the the ability to bind and bring together different molecules
as previously shown for several other multidomain mole-Flag epitope (Figure 7A). The lysates were immunopre-
cipitated using an anti-Flag MAb and then probed using cules (reviewed in Pawson and Scott, 1997). At its N
terminus, CNK contains a SAM domain (Schultz et al.,an anti-RAF antibody. We found that endogenous RAF
coimmunoprecipitated with CNK, and this interaction 1997). SAM domains are comprised of approximately 70
amino acids and are found in diverse types of proteins,depended on the C-terminal portion of CNK (Figure 7B).
Therefore, CNK can form a stable complex with RAF. including signaling molecules such as RTKs of the Eph
family, a novel diacylglycerol kinase isozyme, and theThe interaction appears specific to CNK and RAF, since
we did not detect an interaction between CNK and SEV S. pombe STE4 and BYR2 proteins (Schultz et al., 1997),
which associate through sequences encompassing thein S2 cells overexpressing both proteins or between
SEV and endogenous RAF (data not shown). Although SAM domain of BYR2 (Tu et al., 1997). CNK also contains
one PDZ domain (reviewed in Ponting et al., 1997). PDZCNK and RAF formed a complex in S2 cells, this result
did not determine whether the CNK±RAF interaction is domains are known to bind to the C-terminal extremity
of target proteins and, in a few cases, to other PDZdirect or is mediated by an additional factor(s). To ad-
dress this question, we used a yeast two-hybrid interac- domains. Several PDZ domain±containing proteins have
been shown to function as adaptor molecules that targettion assay to test for the ability of either CNKN-term or
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Figure 7. CNK and RAF associate in Dro-
sophila Schneider cells
(A) Schematic representation of the three dif-
ferent Flag-tagged (*) CNK proteins that were
expressed in S2 cells. The CNK construct cor-
responds to the full-length protein (1557 aa)
and migrates as an z190 kDa protein. The
CNK N-term corresponds to the first 384 aa
of CNK and migrates as an z45 kDa protein.
The CNK C-term corresponds to the CNK
amino acid sequence from position 382 to
1557 and migrates as an z170 kDa protein.
(B) Untransfected S2 cells or S2 cells ex-
pressing either full-length CNK, CNK N-term,
or CNK C-term were lysed in NP-40 lysis
buffer and immunoprecipitated (IP) using
a-Flag. Untransfected S2 cell lysates were
also immunoprecipitated using an anti-Dro-
sophila RAF antibody (a-DRAF). Immunopre-
cipitates were resolved by 8% SDS-PAGE
and analyzed by immunoblotting using either
a-Flag (left panel) or a-DRAF (right panel).
proteins to specific subcellular localizations or that as- adaptor, and the p85 subunit of phosphatidylinositol-3-
kinase (Songyang et al., 1993, 1994). The fact that CNKsemble proteins functioning in the same signaling cas-
becomes tyrosine phosphorylated upon RTK activationcade. CNK also contains a PH domain (Musacchio et
(Figure 5) suggests that some of these sites are func-al., 1993). Some PH domains have been shown to inter-
tional. Interestingly, a weak allele of cnk, cnkE-1222, has aact with phosphoinositides (reviewed in Lemmon et al.,
single amino acid change at position 1164, YELI → YKLI,1997) and may thereby act as membrane-anchoring
that disrupts a putative SHC binding site (Figure 2B).modules. In addition to these three domains, CNK con-
Finally, CNK contains two proline-rich stretches thattains another conserved region that we named CRIC.
include several consensus binding sites for SH3 do-This region encompasses roughly 80 amino acids and
mains (Alexandropoulos et al., 1995).is located between the SAM and the PDZ domains. The
RTKs and other signaling molecules are often local-relevance of this region is suggested by the identifica-
ized to, and function at, cell junctions (reviewed in Kirk-tion of a mutation within it that affects CNK function
patrick and Peifer, 1995). Genetic and molecular evi-(Figure 2B). The CNK amino acid sequence also includes
dence has recently demonstrated the importance of cellseveral tyrosine residues that are part of consensus
junction localization for the C. elegans LET-23 RTK,binding sites for known SH2 domains (Figure 2B), includ-
which is required for vulval development (reviewed ining those found in GRB2/DRK adaptor protein, the SHC
Kim, 1997). Loss-of-function mutations in three genes,
lin-2, lin-7, and lin-10, disrupt LET-23 localization and
result in vulvaless phenotypes. Interestingly, lin-2 andTable 1. Summary of Yeast Two-Hybrid Interaction Results
lin-7 genes encode PDZ domain±containing proteinsbetween CNK and RAF
that also localize to the cell junction.
Prey The identification of structural homologs in other spe-
Bait MEK CNKN-term CNKC-term cies suggests that CNK function has been evolutionarily
conserved. It is not clear at this point whether theseRAFN-term 2 2 2
homologs are true orthologs. For instance, the humanRAFC-term 111 2 111
homolog hCNK1 is about half the size of DrosophilaMEK ND 2 2
CNK and does not bind endogenous c-RAF when tested
LexA DNA-binding domain fusion proteins (bait) were coexpressed
by overexpression in COS-7 cells (data not shown). Dif-with B42 transcriptional activation domain fusion proteins (prey) in
ferent possibilities may account for this difference. Foryeast. Interactions were monitored using two independent assays:
example, hCNK1 might not be the direct homolog ofgrowth on Leu2 selective medium and induction of beta-galactosi-
dase activity. In both assays, the positive interactions (111) were Drosophila CNK. Alternatively, hCNK1 might be a splic-
strong and galactose inducible. An interaction between mammalian ing variant that does not associate with RAF. Neverthe-
MEK and RAFC-term proteins has been previously reported (Van Aelst less, the finding of structural homologs in other species
et al., 1993). suggests that CNK function has been conserved during
ND, not determined.
evolution. Together, these proteins may define a novel
CNK Is a Component of the Ras Pathway
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The cytological location of the P element insertion l(2)k16314 wasclass of adaptor molecules required for signal trans-
obtained from the Berkeley Drosophila Genome Project (Spradlingduction.
et al., 1995).In conclusion, our data indicate that CNK is a novel
component of the RAS pathway. Our genetic data posi- Histology
tioned CNK upstream of RAF. Interestingly, overexpres- Scanning electron microscopy and sectioning of adult Drosophila
sion of wild-type CNK in the Drosophila eye strongly eyes were performed as described by Kimmel et al. (1990) and by
Tomlinson and Ready (1987), respectively. For analysis of adult eyecooperated with activated RAS1 but potently antago-
retinae, an average of three eyes were sectioned per genotype.nized a membrane-tethered activated RAF construct
(Figure 6). One possibility that would reconcile these
Molecular Analysisapparently contradictory results would be that CNK
Genomic DNA flanking the l(2)k16314 P element was recovered by
function is RAS dependent. Consequently, when overex- plasmid rescue and used to screen an embryonic Drosophila cDNA
pressed with activated RAS, CNK would become acti- library (LD library; Berkeley Drosophila Genome Project). A cnk
cDNA was then used to screen a cosmid library of Drosophila geno-vated and thus would function appropriately by increas-
mic DNA (Tamkun et al., 1992). Sequencing templates for a 5.4 kbing signaling. In contrast, when CNK is coexpressed
cnk cDNA were generated by sonicating plasmid DNA and insertingwith activated RAF, it would antagonize signaling by
random z1 kb fragments into pBlueScript II vector (Stratagene).titrating out some critical components. Since we de-
Sequencing templates corresponding to genomic DNA for both wild-
tected an association between CNK and endogenous type and mutant alleles were generated by polymerase chain reac-
RAF, perhaps inactive CNK antagonizes activated RAF tion (PCR). Polymorphisms between parental and CyO chromo-
somes were first determined to identify unambiguously the mutantby sequestering it from MEK. This model remains specu-
chromosomes from the balancer chromosome. The product of twolative, and it is possible that the effects of CNK on eye
independent PCR reactions were sequenced to eliminate PCR-development when coexpressed with either activated
induced errors. Human CNK1 cDNA sequence corresponds to theRAS or activated RAF are due to other unrelated causes.
complete sequence of EST #AA134628 obtained from American
Because CNK binds to RAF and appears to function in Type Culture Collection. Since there was no in-frame stop codon
the RAS/MAPK pathway, it is tempting to speculate that upstream of the first methionine, it is possible that the hCNK1 protein
sequence we showed (Figure 2) represents a partial ORF. Se-one aspect of CNK function is to target RAF to the cell
quences were determined on both strands.junction following its membrane recruitment by RAS.
The targeting of RAF to specific subcellular localizations
Plasmidsupon its activation is not without precedent. For exam-
Sequences encoding the N-terminal Flag epitope (MDYKDDDDK)
ple, c-RAF was shown to associate with a cytoskeletal were added by PCR in place of the first Met codon of a full-length
component following its activation by RAS (Stokoe et cnk cDNA in pBlueScript II vector (Stratagene). A KpnI/NotI fragment
al., 1994). Another attractive, and not mutually exclusive, corresponding to the entire insert was then moved into three differ-
ent expression vectors to generate psE-cnk, pMet-cnk, and pCMV-possibility is that CNK is directly involved in the process
cnk. psE is a pW8 P element transformation vector containing twoof RAF activation.
sevenless enhancer sequences upstream of the Drosophila hsp70
promoter (Dickson et al., 1992). pMet is a vector containing theExperimental Procedures
metallothionein promoter that is inducible by heavy metals, while
pCMV corresponds to the pCDNA3 vector (Invitrogen) utilizing theGenetics
cytomegalovirus enhancer sequences.Fly culture and crosses were performed according to standard pro-
pMet-cnkN-term was generated in two steps. First, an oligonucleo-cedures. The screen for dominant modifiers of sE-KDN will be de-
tide containing an in-frame stop codon was inserted into a uniquescribed in detail elsewhere. In brief, w2 males isogenic for the second
NheI site of pBlueScript-Flag-cnk (see above), which truncated theand third chromosomes were mutagenized and then mated en
CNK protein after position 384. The resulting insert was then movedmasse with either CyO P[w1, sE-KDN]/Sco or TM3, P[w1, sE-KDN]/e,
by KpnI/NotI digest into the pMet vector.ftz, ry females. Progeny that showed an alteration of eye roughness
pMet-cnkC-term was generated by first removing a KpnI/NheI frag-with respect to their mothers were crossed with CyO, P[w1, sE-
ment from pBlueScript-cnk, which deleted the first 381 amino acidsKDN]/Sco flies and TM3, P[w1, sE-KDN]/e, ftz, ry flies to confirm
of CNK. Then, a KpnI/NheI oligonucleotide encoding an N-terminalthe genetic inheritability of the modification.
Flag epitope was inserted in-frame to replace the deleted KpnI/NheIClonal analysis in the eye was performed on multiple cnk alleles
fragment. The resulting insert was then moved by KpnI/NotI digestusing the FRT technique (Xu and Rubin, 1993) in combination with
into the pMet vector.a Minute mutation [M(2)58F ]. A Minute mutation on the nonmutant
pHS-sevS11 and pHS-sevS11K→M (generous gift from M. Simon) corre-FRT chromosome was used to reduce the proliferation rate of het-
spond to activated and catalytically inactivated sev RTK (Basler eterozygous cells (Morata and Ripoll, 1975). To produce clones in the
al., 1991), respectively, inserted downstream of the hsp70 promotereye, the flp recombinase gene was expressed under the control of
(Simon et al., 1993).the eye-specific eyeless enhancer (eyFlp1.2; M. Brodsky and
PCR DNA fragments corresponding to the Drosophila RAF (Gen-G. M. R., unpublished; Quiring et al., 1994). For example, w2,
Bank accession #L10626) N-terminal domain (amino acids 1 to 418)eyFlp1.2; FRT42B, P[w1], M(2)58F/CyO females were crossed with
and C-terminal kinase domain (amino acids 419 to 788), as wellw2; FRT42B, cnkE-2083/CyO males. Progeny of the genotype eyFlp1.2;
as Drosophila MEK (amino acids 1 to 393; GenBank accessionFRT42B, P[w1], M(2)58F/FRT42B, cnkE-2083 were inspected for the pres-
#D13782), were subcloned into the bait vector pEG202 (Golemis etence of homozygous w2 mutant clones in the eyes. With most cnk
al., 1994). PCR fragments corresponding to CNKN-term, CNKC-term (seealleles tested, no w2 tissue was recovered, indicating a requirement
above), and DMEK (amino acids 2±600), were subcloned into thefor cnk function for cell viability. Clonal analysis in the wing was
prey vector pJG4-5 (Golemis et al., 1994).performed on multiple cnk alleles. In brief, w2, hsFlp1; FRT42B, P[w1]/
CyO females were crossed with w2; FRT42B, cnkE-2083/CyO males. w2,
Yeast Two-Hybrid AssayhsFlp1; FRT42B, P[w1]/FRT42B, cnkl(2)k16314 progeny at the first or second
Yeast two-hybrid interaction assays were essentially performed asinstar larval stage were heat shocked for 1 hr at 378C to induce
described by Golemis et al. (1994). In brief, LexA DNA-binding do-somatic clones.
main fusion transgenes (pEG202 derivatives) and galactose-induc-Genetic interaction of cnk alleles with Draf HM7 hypomorphic allele
ible acidic transcriptional activation domain fusion transgeneswas conducted at 188C. P element±mediated germline transforma-
tion was performed as described by Rubin and Spradling (1982). (pJG4-5 derivatives) were cointroduced into the EGY48 yeast strain.
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Interactions were assayed using a LexAop-GAL1-LacZ (pSH18-34) Brunner, D., Oellers, N., Szabad, J., Biggs, W.H., III, Zipursky, S.L.,
and Hafen, E. (1994). A gain-of-function mutation in Drosophila MAPreporter construct or an integrated LexAop-LEU2 construct replac-
ing the endogenous LEU2 gene. kinase activates multiple receptor tyrosine kinase signaling path-
ways. Cell 76, 875±888.
Denouel-Galy, A., Douville, E.M., Warne, P.H., Papin, C., Laugier,Cell Transfection
Stable Schneider S2 cell lines were generated by transfecting cells D., Calothy, G., Downward, J., and Eychene, A. (1997). Murine Ksr
interacts with MEK and inhibits Ras-induced transformation. Curr.with either pActin5C-RNAII215(4) or pActin5C-neo and the various
expression constructs using Lipofectin (GIBCO-BRL) according to Biol. 8, 46±55.
the manufacturer. The cells were selected with either a-amanitin (5 Diaz-Benjumea, F.J., and Hafen, E. (1994). The sevenless signaling
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examined for protein expression by immunostaining using either
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